Static magnetic and spin wave properties of square lattices of permalloy micron dots with thicknesses of 500 Å and 1000 Å and with varying dot separations have been investigated. A magnetic fourfold anisotropy was found for the lattice with dot diameters of 1 µm and a dot separation of 0.1 µm. The anisotropy is attributed to an anisotropic dipole-dipole interaction between magnetically unsaturated parts of the dots. The anisotropy strength (order of 10 5 erg/cm 3 ) decreases with increasing in-plane applied magnetic field.
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The physical properties of magnetic particles on the micro-and nanometer scale have attracted much interest in the last few years especially because of the promising prospects in future data storage and sensor applications [1] [2] [3] [4] . One of the many unsolved problems is the origin and strength of magnetic interaction between the particles as a function of parameters like the dot separation and the aspect ratio (diameter to height ratio). In this Letter we report on first observations of an anisotropic in-plane coupling between magnetic dots arranged in a square lattice, which is correlated to inherent inhomogeneities of the dot magnetizations.
Well separated dots of circular shape made of polycrystalline permalloy (Ni 80 Fe 20 ) will not exhibit any in-plane anisotropy.
For dots with small enough separation any observed in-plane anisotropy is therefore a fingerprint for a magnetic coupling between the dots. Measurements of coupling induced anisotropies allow for a quantitative study of magnetic interdot coupling.
The method of choice is Brillouin light scattering (BLS) from dipolar dominated spin wave modes (DamonEshbach modes) propagating within the dots [5] . The spin wave frequencies depend on the demagnetization factor of each dot, on the value and distribution of the magnetization vector, on anisotropies, and to a weak degree on the volume exchange constant. A study of the mode dispersion and of the dependence on the in-plane direction of the external field allows to determine the interdot coupling strength.
We have studied regular square lattices of circular shaped dots of permalloy of 1 µm and 2 µm diameter and 500 Å and 1000 Å thickness. The films were prepared in ultrahigh vacuum onto Si/SiO 2 10x10 mm 2 substrates using an e --beam evaporator. The samples were patterned by synchrotron radiation based X-ray lithography performed at the L2M synchrotron station at the super ACO storage at LURE, Orsay, using ion beam etching to transfer the patterns into the permalloy films.
A subtractive process was used as described elsewhere [7] . Each sample consists of circular dots arranged in a 1x1 mm 2 square lattice with a diameter/periodicity of 1/1.1, 1/2, 2/2.2 and 2/4 µm, respectively. For comparison, and in order to check for modifications of the magnetic bulk properties during the patterning process, the remaining parts of the samples were not patterned , i.e. consist of a continuous film. Depth profile measurements show that the etching process cuts 200 Å deep into the substrate between the dots, which guarantees that Ni 80 Fe 20 bridges between the dots do not exist.
The Brillouin light scattering experiments were performed in backscattering geometry using a multipass tandem Fabry-Perot interferometer with the in-plane momentum transfer perpendicular to the applied magnetic field. Ar + -ion laser light with an incident power of at most 100 mW and an angle of incidence of 45° degrees was focused onto the sample with a focus diameter of about 40 µm. The spin wave frequencies were detected as a function of the strength, H, and the angle, Φ H , of the inplane applied magnetic field.
In addition the magnetization reversal behavior as well as the zero field domain structure have been investigated using Kerr magnetometry and magnetic force microscopy. Kerr loops have been measured as a function of the angle Φ H of the in-plane applied field. The focus diameter of the probing laser light was below 0.3 mm to ensure alignment within the patterned area. Magnetic force microscope images have been made at zero applied field using a Co coated Si-cantilever at a sample distance between 10 and 100 nm at a vibration frequency of 69.62 kHz. The spatial resolution is below 100 nm. 2 A detailed BLS study of the dependence of the spin wave properties on the applied magnetic field has been performed. All Brillouin light scattering spectra display clearly the Damon-Eshbach mode. For each structure the spin wave frequencies decrease linearly with decreasing field, and they disappear below certain critical applied fields. The most striking effect is the strong reduction of the spin wave frequencies with decreasing aspect ratio. This is caused by size depending demagnetizing fields as follows: With negligible small anisotropies [7] , as obtained for the permalloy film, the frequency of the Damon-Eshbach mode can be expressed as [5] ( ) ( ) ( ) [ ]
with γ the gyromagnetic ratio, 4πM s the saturation magnetization, q || the in-plane wave vector, and d the dot thickness. H i is the internal field, which is here defined as
with N the demagnetizing factor of the magnetic dots and H d the demagnetizing field. Eq. (1) presumes a saturation of in-plane magnetization of the dots. Spin wave frequencies obtained from Eq. (1) using demagnetizing factors of spheroids with axes ratios of the magnetic dots are in reasonable good agreement with the experimental data for frequency values above 14.5 GHz.
To clarify the problem of an in-plane interdot coupling, we measured the spin wave frequencies of the Damon-Eshbach mode as a function of the angle of the inplane applied field, Φ H , with respect to a reference [10]-direction of the lattice. Only for the smallest dot separations of 0.1 µm a fourfold anisotropic behavior is found. This is displayed in Fig. 1 for the 1/1.1 µm and, for comparison, for the 1/2 µm lattices of the sample of 1000 Å thickness at an applied field of 1 kOe. Fig. 1 Dependence of the spin wave frequencies on the in-plane direction of the applied field for the 1/1.1 µm and, for comparison, for the 1/2 µm dot lattices of 500 Å thickness. The solid line is a fit for the data (see text). Kerr hysteresis loops of the 1/1.1 µm dot lattice are shown as insets with the applied field as indicated.
Note the complicated magnetization reversal behavior of the 1/1.1 µm dot lattice for a field direction of 45°.
To determine quantitatively the anisotropy constant we use the energy expression
with Φ the angle between the direction of magnetization with respect to the [10]-direction, and K (4) a fourfold inplane anisotropy constant. A model fit using Eq. (3) and a numerical procedure to calculate the spinwave frequencies [8] is displayed in Fig. 1 as a solid line for the 1/1.1 µm lattice. For both 1/1.1 µm samples with thicknesses of 500 Å and 1000 Å the anisotropy contribution K (4) was determined for several values of the applied magnetic field strength, H. The obtained results for K (4) are displayed for both thicknesses in Fig. 2 as a function of the reduced field H/H d . K (4) decreases with increasing reduced field and saturates within the investigated field range at K (4) = -0.6·10 5 erg/cm 3 , which corresponds to an effective anisotropy field H ani = 150 Oe, at the same reduced field value of about H/H d = 5. The data of both dot thicknesses fall onto one common curve within the error margins indicating that the coupling strength scales with the demagnetizing field.
The origin of this fourfold anisotropy can be understood as follows. Because of the large distance of 0.1 µm between the dots a direct exchange mechanism via conduction electrons or via electron tunneling can be excluded. The quasi-uniform demagnetization field, caused by the shape of the patterned area (1x1 mm 2 square) can not be responsible for the observed anisotropy. In fact, the film thickness/square length ratio is of the order of 10 -4 . It corresponds to a demagnetizing field of about 1 Oe, which is much smaller than the observed value of 150 Oe. Moreover, since the quasi-uniform field strength should depend on the average magnetization of the lattice, the effect should be the same for 1/1.1 µm and the 2/2.2 µm lattices, which is not the case. Fourfold anisotropy constant, K (4) , for the 1/1.1 µm lattices of 500 Å and 1000 Å thickness as a function of the reduced field (H/N·4πMs). The dashed line serves as a guide to the eyes.
A dipolar interaction of completely magnetized dots also cannot account for the observed anisotropy, because the corresponding dipolar energy can be expressed as a bilinear form of the components of the magnetization vector. Such an expression can only yield an uniaxial 3 anisotropy contribution, since in a bilinear form the direction cosines appear quadratic in highest order. Therefore we propose that the fourfold anisotropy contribution is caused by a dipole-dipole interaction between residual unsaturated parts of the dots, because in this case the energy cannot be expressed as a bilinear form. The large observed decrease of the coupling anisotropy constant with increasing field as well as the scaling of the anisotropy with the reduced field corroborates this assumption. The anisotropic coupling is still observed for field values larger than the demagnetizing field, H d . However, due to the nonellipsoidal form of the dots and due to surface magnetic anisotropies acting on the dot boundaries, which cannot be characterized in more detail in the present study, it is likely that the non-saturated parts can persist up to fairly high fields.
To study more precisely the static magnetization behavior Kerr measurements were carried out. Only for the lattices with the smallest dot separation of 0.1 µm a fourfold in-plane anisotropy in the loop shapes is found. is not yet understood [1, 3] . Since these loop shapes exhibit a higher zero-field susceptibility, they also indicate that the [11]-direction is the easy axis. Another result is that the saturation field H s decreases with decreasing dot separation, which can be well understood as a result of an increasing film coverage. For the 1/1.1 µm and the 1/2 µm lattices the values of H s are (620±50) Oe and (780±50) Oe, respectively. This result is qualitatively in agreement with the BLS data, showing the spin wave frequencies of the 1/1.1 µm lattice lying slightly above the frequencies of the 1/2 µm indicating smaller demagnetizing fields for the sample with lower spacings. A direct proof of a coupling of stray fields due to the presence of a common magnetic substructure of the dots is yielded by magnetic force microscopy (MFM). The measurements were performed at zero applied field. MFM-images of the 1/1.1 µm and the 1/2 µm lattices of 500 Å thickness are shown in Fig. 3 . For both lattices a heterogeneous magnetic structure is clearly recognizable, which seems to be totally disordered for the large separation of 1 µm. For the 1/1.1 µm lattice a regular pattern of the domain walls can be seen, which are aligned crosslike along the [10]-direction. This is evidence for a separation dependent dipolar coupling of the domains, which is only effective for separations of the order of 0.1 µm . Fig. 3 MFM images of the 1/1.1 µm and 1/2 µm samples of 500 Å dot thickness. Note the crosslike order of domain walls along the [10]-direction for the 1/1.1 µm lattice in contrary to the irregular orientation of the 1/2 µm lattice. For clarity an inset with a better resolution is shown for the 1/2 µm sample.
In summary we have found clear evidence for an in-plane anisotropic coupling of magnetic micron dots, most probably mediated by stray fields of non-saturated parts of the dots. The anisotropy strength is of the order of 10 5 erg/cm 3 . Since the coupling has been found only for the smallest dot separation of 0.1 µm investigations of further reduced dot separations are required.
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